An intrinsic feature of yeast artificial chromosomes (YACs) is that the cloned DNA is generally in the same size range (i.e., "200-2000 kb) as the endogenous yeast chromosomes. As a result, the isolation of YAC DNA, which typically involves separation by pulsed-field gel electrophoresis, is frequently confounded by the presence of a comigrating or closely migrating endogenous yeast chromosome(s). We have developed a strategy that reliably allows the isolation of any YAC free of endogenous yeast chromosomes. Using recombination-mediated chromosome fragmentation, a set of Saccharomyces cerevisiae host strains was systematically constructed. Each strain contains defined alterations in its electrophoretic karyotype, which provide a large-size interval devoid of endogenous chromosomes (i.e., a karyotypic "window"). All of the constructed strains contain the karl-A15 mutation, thereby allowing the efficient transfer of a YAC from its original host into an appropriately selected window strain using the karl-transfer procedure. This approach provides a robust and efficient means to obtain relatively pure YAC DNA regardless of YAC size. 
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The development of yeast artificial chromosome (YAC) cloning (1, 2) has greatly advanced the ability to analyze complex genomes. Specifically, segments of DNA spanning upwards of 1000 kb (or more) can be isolated in YACs, thereby allowing studies that were previously unapproachable using bacterialbased cloning systems. However, YACs have several inherent properties that reduce accessibility to the cloned DNA; in particular, YACs are (i) maintained in roughly single-copy in yeast cells, (ii) generally in the same size range (i.e., "200-2000 kb) as the 16 endogenous yeast chromosomes, and (iii) linear DNA molecules with the same general structure as other yeast chromosomes. As a consequence, the isolation of purified YAC DNA, most often performed by preparative pulsedfield gel electrophoresis (PFGE) (3-7), yields relatively small amounts of material for subsequent manipulation. Frequently, the purification of YAC DNA is further hindered by the presence of comigrating or closely migrating endogenous yeast chromosomes, which inevitably results in the presence of large amounts of unwanted yeast DNA. Contaminating yeast chromosomes can hamper subsequent applications that demand highly purified preparations of YAC DNA, such as exon trapping/amplification (8) (9) (10) , direct cDNA selection (11, 12) , construction of random libraries for DNA sequencing (13) , and other methods where smaller-insert subclones must be obtained from the purified YAC DNA (14) .
To ameliorate this problem, we have developed a strategy that allows the reliable isolation of YAC DNA free of endogenous yeast chromosomes. Specifically, we constructed a series
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of Saccharomyces cerevisiae host strains whose endogenous chromosomes have been systematically altered by recombination-mediated chromosome fragmentation (15, 16) . Each strain represents the product of a different set of fragmentation events and contains a unique chromosome-free region (i.e., a "window") in its electrophoretic karyotype. Using the recently described karl-transfer procedure (17, 18) (24) . Strategy 2. A DNA fragment containing the yeast HIS3 gene flanked by target sequences was generated by PCR (Fig. 2) . Primers containing a 45-bp target sequence (on the 5' end) and a 19-bp HIS3-specific sequence (on the 3' end) were used for (1, 19) , and the URA3 gene flanked by direct repeats (20) . A target corresponding to a sequence fully contained within the open reading frame of a yeast gene required for prototrophy was engineered to contain an internal Not I site (and a small deletion) and subcloned into pLB5(3 (via unique Sac I andXba I sites) in both orientations (only one orientation is depicted). Following digestion with Not I and BamHI, the resulting vector fragments are transformed into yeast, where homologous recombination of the target sequences results in fragmentation of the endogenous chromosome (depicted with wavy lines) to yield two smaller derivative chromosomes. The resulting yeast cell is Ural and auxotrophic due to disruption of the target gene. Of note, an earlier generation vector (pLB301) is similar to pLB503 but contains the HIS3 gene on the CEN4-containing side of the Sac I/Xba I cloning site. pLB301 was only used to fragment chromosomes I and XI at the CYS3 and MET14 genes, respectively (see Table 1 ).
I site, was directly subcloned into pT7Blue (Novagen). The orientation of the cloned insert in multiple isolates was established by digestion with Xba I and Not I and/or by PCR analysis using T7 and T3 primers in combination with the two internalmost target-specific primers. An isolate containing the target in each orientation was selected, the BamHI site was destroyed by BamHI digestion, Klenow treatment, and self-ligation (21) , and the target was excised by digestion with Xba I and Sac I and cloned into Xba I/Sac I-digested pLB503 (Fig. 1) . Details about the primers used for PCR amplification of target sequences (in strategy I and strategy 2) are available on request.
Yeast were transformed with BamHI/Not I-digested fragmentation vector using the lithium acetate method (22) . A target-specific integrative fragment containing the HIS3 gene is generated by PCR using the plasmid pBM2815 (which contains the HIS3 gene subcloned into pBluescript) as template and primers containing 45 bases of appropriate target sequence at their 5' ends. Following yeast transformation, integration into an endogenous chromosome occurs by homologous recombination between the target sequences flanking the HIS3 gene. Authentic integrants, containing the HIS3 gene at the correct target site, are then transformed in parallel with BamHI/Not I-digested fragments derived from pLB552 (depicted here) and pLB553 (identical to pLB552 except with the HIS3 target sequences in the opposite orientation). Virtually all Ura+His-transformants contain two smaller derivative chromosomes resulting from fragmentation at the integrated HIS3 gene. Note that the relative positioning of the two parts of the HIS3 target sequence in pLB552 and pLB553 is distinct from the approach used for subcloning target sequences in strategy 1 (see Fig. 1 ). Strategy 2 was designed to better ensure that no homologous sequences remained in the two derivative chromosomes following fragmentation.
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PCR amplification of the HIS3 gene using DNA from the plasmid pBM2815 as template (Fig. 2) . The resulting PCR product was used to transform yeast directly (25) as described above and cells were plated on SC-His medium. The fraction of His' transformants containing authentic integration of the 1-kb HIS3 gene at the appropriate site varied widely among the different targets. As a result, we found it essential to test the resulting transformants by PCR using primers that flank the expected integration site to identify authentic integrants. The resulting strains were then transformed (as above) in parallel with the HIS3-specific fragmentation vectors pLB552 and pLB553. The latter vectors, which contain engineered HIS3 target sequences in opposite orientations (see Fig. 2 ), were constructed by subcloning PCR-generated fragments (-500 bp each) of the HIS3 gene into pLB503. Disruption of the HIS3 gene in the resulting Ura+ transformants was tested by replica plating to SC-Ura-His. Generally, 10-15% of the Ura+ transformants were His-, and virtually all Ura+His-strains contained the expected fragmented chromosome, as assessed by PFGE. Auxotrophs were processed as described above for strategy 1 .
Transfer of YACs into Window Strains. YACs were transferred from their original host into an appropriate window strain (Table 1 ) using the karl-transfer procedure (17) . Briefly, 5 x 106 cells each of a YAC strain (MA Ta) and a window strain (MA Ta) were combined, incubated at 30°C for 6 h, plated on AHC medium (26) containing 3 mg of cycloheximide per liter, and incubated at 30°C for 3-4 days. Two major types of CyhR colonies were typically encountered: YACs appropriately transferred into the recipient window strain (Ura+Trp+MATa) and YAC-containing diploid cells (Ura+Trp+MATa/a). An efficient approach for distinguishing between these two types of colonies is by direct PCR analysis of yeast cells using MA T-specific primers (27) . In our experience, 85-95% of the resulting colonies are MA Ta, with virtually all of these containing the window strain nucleus along with a transferred YAC. Successful YAC transfer was verified by PFGE analysis of the resulting MA Ta clones in parallel with the original YAC strain and the recipient window strain (e.g., see Fig. 4 ). (Figs. 1 and 2) . One fragment contained a yeast CEN sequence, while the other harbored a marker (the URA3 gene) used for selection of transformants. Recombination across the common (i.e., homologous) target sequence present in each fragment resulted in the introduction of the URA3 gene, the disruption of the endogenous target gene, and the creation of two smaller derivative chromosomes from the starting endogenous chromosome. Since only one orientation of the target sequence (relative to the CEN-and URA3-containing fragments) resulted in the formation of two stable (i.e., monocentric) derivative chromosomes, parallel experiments using the target sequence subcloned in both orientations within the fragmenting vector were always performed.
RESULTS

Construction of Window
Two strategies for chromosome fragmentation were employed. Initially, genes required for prototrophy (e.g., CYS3, MET1O, THR4, THR1, HIS], and MET14; see Table 1 ) were used as the targets for fragmentation (strategy 1). In these cases, target sequences within the coding region of the gene were subcloned in both orientations into pLB503 (Fig. 1) . Subsequent restriction enzyme digestion released the two fragmenting DNA molecules, which were transformed into yeast. This strategy was effective, accounting for 6 of the 15 chromosome fragmentation events required for constructing the strains listed in Table 1 . However, this approach was found to be limiting, because for some chromosomes, appropriate genes with known DNA sequence (for convenient generation of PCR primers) either were not available or were located near a chromosome end, which would have yielded a derivative chromosome that remained within the desired window. Fur- thermore, the construction of multiple chromosome-specific fragmentation vectors became a slow and tedious process.
As an alternative, a second strategy for chromosome fragmentation was utilized. In this case, a universal sequence (i.e., the HIS3 gene) was "artificially" positioned at a desired site in an endogenous chromosome by integrative recombination (28) (Fig. 2) (25) (Fig. 2) . The target sequences used for directing integration of the HIS3 gene into an endogenous chromosome typically corresponded to a noncoding region near a known sequenced gene (e.g., HIS5, ARG3, LEU4, RAD]6, ILV2, ARO7, LEUJ, ADE2, and GAL3; see Table 1 ). Chromosomes containing the HIS3 gene at the desired site were then fragmented using either pLB552 or pLB553 (Fig. 2) trpl-A63 ura3-52 ade2-101 his3-z200 lys2-801 cyh2R karl-A15) (29) was used as the starting strain, since it (i) is auxotrophic for a number of yeast genetic markers that are routinely used for YAC selection and subsequent manipulation (e.g., URA3, TRPJ, HIS3, LEU2, ADE2, and LYS2) and (ii) contains the karl-A15 mutation, allowing the strain to be a YAC recipient during the karl-transfer procedure (17, 18) . In some instances, fragmentation of a single chromosome (e.g., chromosome I) was sufficient to create a desirable window for subsequent YAC isolation. However, in four cases (e.g., the doublet of chromosomes V and VIII at 590 kb; the doublet of chromosomes XIII and XVI at 950 and 985 kb, respectively; the doublet of chromosomes VII and XV at 1120 and 1130 kb, respectively; and the triplet of chromosomes X, XIV, and II at 755, 810, and 840 kb, respectively), a window of desired size could only be created by the successive fragmentation of multiple chromosomes. For this purpose, the fragmentation vectors used in strategy 1 and strategy 2 (Figs. I and 2) were engineered to contain the URA3 gene (for positive selection of yeast transformants) flanked by direct repeats. Thus, after each round of fragmentation, the URA3 gene was eliminated from the yeast strain by growth on 5'-fluoroorotic acid [which allows selection of clones that have excised the URA3 gene via recombination of the flanking direct repeats (20) ], thereby enabling another round of fragmentation with URA3 selection. In the end, we constructed the nine strains listed in Table 1 by employing strategy 1 and/or strategy 2 to fragment up to three endogenous chromosomes. Importantly, these nine strains together provide an overlapping set of electrophoretic windows extending from 140 kb to 2000 kb (Fig. 3) .
Transfer of YACs into Window Strains. Key to the utilization of the window strains for YAC isolation is the ability to transfer a YAC of interest into an appropriately selected strain in a convenient and efficient fashion. The presence of the karl-A15 mutation in all the newly constructed strains allows the transfer of a YAC from its starting host (e.g., AB1380) into a window strain (31) or Zygosaccharomyces roluxii (32) could, in principle, be utilized for systematically recombining endogenous yeast chromosomes. However, this approach seemed less straightforward and potentially more problematic than the strategies we utilized for chromosome fragmentation.
We have found that karl-mediated transfer of a YAC from its original host into a window (or other karl-A15-containing) strain is a highly robust procedure. Other endogenous chromosomes can move into the recipient strain along with the YAC at a frequency as high as 20% (17, 18 
